Introduction
Hydrotris(pyrazolyl)borate-based tripodal scorpionate ligands (Tp, see Chart 1), originally developed by Trofimenko, [1, 2] have become ubiquitous in coordination chemistry. Their complexes have provided a wealth of organometallic chemistry and have been commonly used as ligands in mimics of a variety of metalloproteins. [3] Analogous scorpionate ligands can also be easily prepared through the use of other heterocycles, for example hydrotris(1,2,4-triazolyl)borate (Ttz) which has similar coodination properties to Tp but yields greater solubility of its complexes in protic and aqueous media and weaker donor capacity. [4] [5] [6] [7] [8] Since the first isolation of a free imidazole based N-heterocyclic carbene by Arduengo et al., [9] this ligand class has also become extremely common. [10] Regarded as analogues and replacements of more traditional phosphine ligands, N-heterocyclic carbenes have found widespread utility as supporting ligands in catalysis yielding more stable and catalytically active complexes due to their higher electron donor strengths and stronger metal-ligand bonds.
Hybrids of these two classes of ligands were first introduced in the form of tris-N-heterocyclic carbene borates by the group of Fehlhammer. [11, 12] Deprotonation with butyl lithium then led to the isolation of the lithiated triscarbene, hydrotris(imidazol-2-ylidene)borate (Tim), which was then used to prepare several transition metal complexes. More recently, the chemistry of complexes of these ligands and their bulkier second generation tris(imidazolylidene)borate complexes have been explored by several groups including that of Smith. [13] [14] [15] [16] [17] [18] Just as scorpionate ligands moved beyond Tp to greater structural diversity, N-heterocyclic carbenes quickly moved beyond imidazole based frameworks. A commonly encountered analogue to imidazol-2-ylidenes are 1,2,4-triazol-5-ylidenes. [19] We therefore reasoned that the Ttz ligand framework could be similarly modified as to yield a tricarbene analogue of Tim. The dihydrobis(1,2,4-triazol-5-ylidene)borate bidentate carbene ligand has been reported. [20] The beauty of the approach using the Ttz parent ligand is that Ttz would be a face capping κ 3 -ligand as both its parent tris-N-donor and as its triscarbene derivative. This is not possible with the nonalkylated Tim framework as it cannot chelate due to the divergent directionality of the N-donor atoms.
Furthermore, by progressive alkylation of the Ttz parent, access will be available to the monocarbene/bis-N-donor and dicarbene/mono-N-donor. The Ttz ligand framework thus provides for an excellent system for the tuning of both steric and electronic properties ( Figure 1 ). Here, we have embarked on a theoretical DFT survey of the tunability that would be afforded by the 4 Ttz (1) framework in their Mo(CO) 3 complexes on going from the parent ligand with progressive modification through the monocarbene/bis-N-donor (2) and dicarbene/mono-N-donor (3) derivatives and ultimately the tricarbene (4).
Computational details
The molecular structures of the molybdenum tricarbonyl complexes, [Mo(1-4)(CO) 3 ] -, along with those of the ligands Tp, Tp* and Tim, were optimized using the Stuttgart-Dresden relativistic small core potential for molybdenum [24] and triple-ζ 6-311G* basis sets for boron, carbon, oxygen, nitrogen and hydrogen, [25] using the B3LYP hybrid functional (20 % Hartree-Fock) [26] as implemented in the GAMESS-UK software package. [27] Symmetry constraints were not applied during geometry optimizations. Frequency calculations and partial atomic charge analyses were then carried out for the optimized geometries for all complexes
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In conclusion, we have carried out a DFT study of the electronic tuning that would be possible through the successive carbene augmentation of the hydrotris(1,2,4-triazolyl)borate ligand system. We have shown that increasing the carbene content of the scorpionate ligand results in increased electron donation to the metal with consequent reduction in ν CO . Additionally, calculated partial charges for the Mo(CO) 3 fragments of their complexes show increased negative charge with increasing carbene content.
Moreover, the ligand donor properties would be tunable over a larger range than that covered by experimentally known face-capping ligand systems. We are currently extending our theoretical studies to other metal-based systems since ligand donor capacity has been shown to vary with the nature of the metal and also other ligands present. [28] We are also investigating other tripodal ligand frameworks of this type that could also be amenable to this successive augmentation approach and we then hope to soon commence synthetic and reactivity studies on these and other systems.
